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As multiple-input multiple-output (MIMO) systems have become prevalent, the 
importance of radio channel as part of the cellular system has increased. Development 
and manufacturing of fifth generation (5G) base stations (BS) requires testing in realistic 
propagation environment. Additionally, highly integrated antenna arrays in 5G BS 
products cannot be tested in conductive test setups, which necessitates use of over-the-air 
(OTA) test setups. Due to these constraints, much of the 5G BS testing is done by drive 
testing, which is labour intensive process. 
This thesis gives theoretical background and implements an emulation setup for 5G BS 
MIMO OTA testing using ray tracing for radio channel model generation. This setup aims 
to emulate drive testing in a controlled lab environment, with realistic channel model, and 
using real hardware. Drive test emulation in virtual environment is known as virtual drive 
testing (VDT). 
A proprietary ray tracing software is used to simulate ray paths between BS and UE 
route positions in a 3D environment of interest. Simulation results are then clustered and 
a geometry-based stochastic model (GBSM) is created with Keysight GCM Tool. Two test 
setups are built, a conductive setup, and a multiprobe anechoic chamber (MPAC) based 
setup, which is suitable for OTA testing. Both test setups employ Keysight Propsim 
channel emulators to run the GBSM model. Nokia base stations are used as a device under 
test (DUT), and measurement data is recorded from BS and test UE. Created channel 
models are discussed, and measurement data is presented. 
Results indicate that the test setup is functional and able to emulate complicated 
multipath propagation conditions. Some constraints for the test setup are observed and 
discussed, and ideas for future development of the test system are given. 
 
Key words: MIMO, 5G, base station, OTA, emulation, drive test, VDT, ray tracing, 
GBSM, MPAC, channel emulator. 
 
Keränen V. (2021) Säteenseurantaan perustuva ajotestausemulaatio kaiuttomassa 
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Multiple-input multiple-output (MIMO) -teknologiaa hyödyntävät laitteet ovat 
yleistyneet langattomien tiedonsiirtojärjestelmien alalla, jonka vuoksi radiokanavan 
vaikutus langattoman tiedonsiirtojärjestelmän toimintaan on kasvanut. Viidennen 
sukupolven matkapuhelinverkkojen (5G) tukiasemien kehittäminen ja valmistaminen 
vaatii sen vuoksi järjestelmän testaamista käyttäen todenmukaista radiokanavaa. Tämän 
lisäksi useissa tukiasemissa käytettävät antenniryhmät, jotka ovat integroitu tukiaseman 
signaalinkäsittelypiirien kanssa yhteiseksi kokonaisuudeksi, estävät testaamisen 
johtuvassa testiympäristössä. Tämän vuoksi useiden 5G tukiasemien testaamien vaatii 
ilmatien välityksellä toimivan mittausjärjestelmän käyttöä. Edellä mainittujen 
rajoitteiden vuoksi suuri osa 5G tukiasemien testaamisesta suoritetaan ajotestaamalla, 
joka on työläs ja kallis menetelmä. 
Tässä diplomityössä käsitellään MIMO-teknologiaa hyödyntävien 5G tukiasemien 
ilmatien välityksellä tapahtuvaa testaamista, jossa radiokanavamalli tuotetaan 
säteenseurantaan perustuvalla menetelmällä. Työ sisältää aiheeseen liittyvää teoriaa, sekä 
mittausjärjestelmien toteutuksen. Toteutettavien mittausjärjestelmien tavoitteena on 
emuloida ajotestausta laboratorio-olosuhteissa siten, että mittausjärjestelmien tuottama 
radiokanavamalli vastaa jotain valittua todellista ympäristöä. 
 Työssä tukiaseman ja jonkin määritellyn päätelaitteen kulkeman reitin välinen 
radiokanava simuloidaan yrityksen sisäisesti kehittämällä säteenseuranta-simulaattorilla 
jossain valitussa kolmiulotteisessa ympäristössä. Simulaatiotulokset klusteroidaan ja 
muunnetaan geometry-based stochastic model (GBSM) -malliksi GCM Tool -
ohjelmistolla. Työssä tuotetaan kaksi mittausjärjestelmää: johtuvaan testaamiseen 
perustuva järjestelmä, sekä multiprobe anechoic chamber (MPAC) -teknologiaan 
perustuva järjestelmä joka soveltuu ilmatien välityksellä tapahtuvaan testaamiseen. 
Molemmissa mittausjärjestelmissä käytetään Keysight Propsim-
radiokanavaemulaattoreita, jotka toteuttavat GBSM-mallissa määritellyn radiokanavan. 
Mitattavina laitteina käytetään Nokia 5G tukiasemia jotka ovat emuloidun rakiokanavan 
välityksellä yhteydessä testipäätelaitteisiin. Testidataa kerätään emulaation aikana 5G 
tukiasemalta sekä testipäätelaitteelta. Työn lopussa esitetään tuotettua testidataa ja 
analysoidaan tuotettuja radiokanavamalleja. 
Tulosten perusteella testijärjestelmä todetaan toimivaksi ja kykeneväksi emuloimaan 
monitie-etenemistä sisältäviä radiokanavamalleja. Työssä todetaan ja analysoidaan 
tuotettuihin testijärjestelmiin liittyviä rajoitteita, sekä esitetään testijärjestelmän 
jatkokehitykseen liittyviä mahdollisuuksia. 
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1 INTRODUCTION 
Fifth generation technology standard for broadband cellular networks, known as 5G, aims to 
provide high bandwidth for multiple simultaneous users among other goals. This necessitates 
multiple-input multiple-output (MIMO) systems as well as its extension to multi-user MIMO 
(MU-MIMO) systems. 
Modern MIMO systems exploit increased channel diversity due to multipath propagation 
via various schemes, such as spatial multiplexing and diversity combining. These schemes 
along with beamforming provide increased data rates and quality of service (QoS). Higher 
frequencies and increased number of antennas, which are used in 5G, along with more 
complicated transmit schemes complicate testing of 5G products. The devices considered in 
this thesis are 5G base stations (BS). 
Testing of base stations is necessary for research and development (R&D) purposes as well 
as to provide quality products to the customer when the devices are mass produced. Individual 
components of BSs are usually tested on their own but testing of the whole device must be done 
to ensure many features such as beamforming and handovers work as intended. This is known 
as system testing. Test results are usually further analysed and condensed into some key 
performance indicators (KPIs), such as average data rate or latency. As the devices are mass 
produced, it is important that the test procedure is quick, reliable, and produces adequate KPIs. 
Traditionally system testing of base stations is done by drive testing. Drive testing refers to 
a test setup where a base station being tested, the device under test (DUT), is installed on field 
and the performance of DUT is measured by driving in vicinity of the DUT with a car. The car 
is mounted with external antennas which connect to measurement equipment that acts as user 
equipment (UE) and gathers data. While drive testing provides a near real-life scenario, it is 
labour intensive and time consuming. The problem is compounded by the need to test multi-
user scenarios, which would require multiple cars driving in the vicinity of the BS. One of the 
main benefits of drive testing is that it provides a realistic radio channel between BS and UE. 
Over-the-Air (OTA) testing refers to testing radio frequency (RF) devices in free space 
propagation conditions. This is in contrast with connecting the DUT to a measurement setup 
with cables that are connected directly to the antenna terminals, which is a common way to test 
RF devices and known as conductive testing. OTA testing includes the impact of the antennas 
on the received signal in the test. While the effect of the antennas represents real life scenario 
in traditional line-of-sight (LOS) OTA testing done in an anechoic chamber, the radio channel 
is usually not adequately complex for MIMO testing and must be created in some other way. 
Radio channel statistics can vary significantly depending on the type of environment in 
question. Radio channels have major impact on wireless communications system performance, 
especially in MIMO systems. MIMO systems mitigate the effects of fast fading by providing 
multiple independently fading channels, that are unlikely to experience fading dip at the same 
time. MIMO systems also provide increased number of parallel streams that offer higher 
throughput. Creating realistic fading models for MIMO testing that realistically represent 
different environments has been active field of study. 
In case of 5G BSs, increased integration of RF front end and antennas make conductive 
testing of the devices problematic. Using cables to connect UE to the base station also prohibits 
testing antennas as part of system. Therefore, a test setup for 5G MIMO systems should have 
two properties: The test is done in OTA setup, and the test setup provides adequately complex 
multipath propagation environment. These properties can be achieved by drive testing in a real 




be achieved with test systems proposed in 3rd Generation Partnership Project (3GPP) technical 
report [1]. 
Proposed systems for 5G MIMO testing are electromagnetic reverberation chamber, also 
known as mode-stirred chamber (MSC), and multiprobe anechoic chamber (MPAC) combined 
with channel emulator (fading emulator). The latter is used in this thesis. 
MPAC testing setup consists of an anechoic RF chamber and test antennas (probes), which 
are placed inside the anechoic chamber so that the signal sent by the DUT is adequately 
sampled. Signals to be transmitted by the probes are generated by channel emulator, which runs 
a geometry based stochastic model (GBSM) so that the temporal and spatial characteristics of 
signal received by the DUT matches some specific fading environment of interest. 
This thesis discusses the aforementioned concepts and aims to produce an operational test 
setup. The test setup uses ray tracing (RT) to model a multipath fading environment of interest. 
The output of RT software is used to generate a geometry based stochastic model with Propsim 
GCM 5G Tool. The created GBSM channel model is imported to Propsim channel emulator, 
which convolutes channel effects described by GBSM model with its input signal to produce 
an output that contains the input signal with added effects of the radio channel. 
Two test setups are produced in this thesis, one that connects BS to the channel emulator 
conductively and is used to test products which have accessible antenna ports, and one that 
utilizes an MPAC to connect the BS to the channel emulator and allows testing of highly 
integrated 5G products. 
Using the MPAC setup for emulation of channel model that has been created via ray tracing 
has been previously studied in [2]. However, the publication considers UE testing and does not 
include a practical end-to-end test system implementation. Using the MPAC test system for 
MIMO BS testing is studied in [3], which mainly considers the system design aspects of such 
test setup and likewise does not include end-to-end implementation of the test system. To the 
best of authors’ knowledge, this thesis is the first publication where ray tracing is used to 
produce channel models that are emulated in MPAC setup using BS as the DUT. 
The test system produced in this thesis consists of multiple commercially available and 
proprietary subsystems. Therefore, much of the work in this thesis was focused on creating 
interfaces between the subsystems and developing proprietary subsystems. These include 
developing a reliable way for generating BS positions and UE routes into the 3D model, 
developing the ray tracing software to better meet the specific needs of this project, filtering 
and post-processing generated ray tracing results, converting the ray tracing results into a format 
that GCM Tool can read, synchronizing BS and UE measurements with the emulation, and the 
post processing of measurement results. To the best of authors’ knowledge, a detailed method 
for relating measured new radio synchronization signal reference signal received power (NR-
SS-RSRP) values with received signal power has not been published before, and therefore an 
approximation was formulated and presented in Chapter 4.5.3 to allow end-to-end power level 






2 MIMO CHANNEL MODELLING 
This chapter describes general channel modelling and some specific channel models that are 
relevant to this thesis. First, basic formulations for channel modelling and MIMO channel 
modelling are given in Chapter 2.1. Channel models can be divided into physical models and 
analytical models [5][6]. The physical channel models are described in Chapter 2.2. While the 
analytical channel models are not as relevant for this thesis, they are described in Chapter 2.3 
to give more complete picture of channel modelling schemes. Finally, WINNER II channel 
model [11], which is used in this thesis, is described in Chapter 2.4. 
 
2.1 Overview 
The radio channels are composed of multipath components (MPC), that describe single path 
from TX to RX that undergoes effects such as reflection, scattering, and diffraction. MPCs 
have different propagation paths, and therefore propagation delay from transmitter to receiver. 
Equations presented in this chapter are based on [5]. The radio channel is mathematically 
described by following input-output relation 
 
𝑦(𝑡) = ℎ(𝑡, 𝜏) ∗ 𝑠(𝑡) + 𝑛(𝑡) = ∫ ℎ(𝑡, 𝜏)
∞
−∞
𝑠(𝑡 − 𝜏)𝑑𝜏 +  𝑛(𝑡), (1) 
 
where 𝑦 is the received signal, ℎ(𝑡, 𝜏) is the channel impulse response, 𝑡 is the time, 𝜏 is the 
delay, 𝑠 is the transmitted signal, 𝑛 is the noise, and (∗) denotes the convolution operator. 
Second equality follows from the definition of convolution. 
MIMO systems have multiple transmitting and multiple receiving antennas. Extension of 
channel impulse response to MIMO case is done via MIMO channel matrix, which contains 
impulse responses from all TX elements to all RX elements. Considering a system with 𝑁𝑟𝑥 
receiving antennas and 𝑁𝑡𝑥 transmitting antennas, the time dependent channel matrix 𝑯 ∈
ℂ𝑁𝑟𝑥×𝑁𝑡𝑥 is given by 
 
𝑯(𝑡, 𝜏) =  [
ℎ1,1(𝑡, 𝜏) ⋯ ℎ1,𝑁𝑡𝑥(𝑡, 𝜏)
⋮ ⋱ ⋮
ℎ𝑁𝑟𝑥,1(𝑡, 𝜏) ⋯ ℎ𝑁𝑟𝑥,𝑁𝑡𝑥(𝑡, 𝜏)
] . (2) 
 
 
As with single-input single-output (SISO) channels, the input-output relation for a time-variant 
MIMO system is given by 
 
𝒚(𝑡) =  ∫ 𝑯(𝑡, 𝜏)𝒔(𝑡 − 𝜏)𝑑𝜏
∞
−∞
+ 𝒏(𝑡), (3) 
 
where 𝒚 ∈ ℂ𝑁𝑟𝑥 is the vector containing received complex symbols by each RX element, 𝒔 ∈
ℂ𝑁𝑡𝑥  is the vector containing complex symbols sent by each TX antenna, and 𝒏 ∈ ℂ𝑁𝑟𝑥 is the 
received noise. Channel matrix in equation (2) includes effects of antenna element gain, array 
gain, and used bandwidth. 
The term “propagation channel” refers to impulse response between TX antenna and RX 




and RX antennas are also considered, that provide some DoA and DoD angle dependent gain 
to the propagation channel, the term “radio channel” is used. 
Propagation channel can be described mathematically by double-directional time variant 
impulse response of the channel between transmitter position and receiver position [7], which 
is given by 





where ?̅?𝑟𝑥 and ?̅?𝑡𝑥 are the RX and TX positions respectively, and 𝜙, 𝜑 are the angle-of-arrival 
(AoA) and angle-of-departure (AoD), respectively. 𝑁 is the number of MPCs, and 𝑛 is the MPC 
index. Double-directionality refers to parametrization of the impulse response by the AoA and 
AoD. Note that this description does not include dependence on polarizations, which are 
considered later with the model described in Chapter 2.4. 
Mathematical descriptions given in equations (2) and (4) act as starting points for analytical 
and physical channel modelling approaches, respectively. Analytical approach describes the 
radio channel on system level using channel matrix 𝑯, which includes effects of antennas. 
Physical approach describes wave propagation from TX antenna element to RX antenna 
element taking into account the angles for departure and arrival. Channel matrix H can be 
acquired from equation (4) via 
 
ℎ𝑖,𝑗(𝑡, 𝜏) =  ∫ ∫ ∫ ℎ(?̅?𝑟𝑥
𝑖 , ?̅?𝑡𝑥
𝑗




𝑖 (𝜑)𝛿(𝜏 − 𝜏′) 𝑑𝜏′𝑑𝜙𝑑𝜑, (5) 
 
where 𝑖 and 𝑗 are the RX and TX indices, respectively, 𝐺𝑡𝑥
𝑗
 and 𝐺𝑟𝑥
𝑖  are the antenna gains, and 
𝜏′ is the integration variable for delay [5]. Next, we will take a closer look at physical models. 
 
2.2 Physical models 
Propagation of electromagnetic waves, for purposes of wireless communications, can be 
modelled as combination free space attenuation and interactions with interacting objects (IO). 
These interactions are broadly categorized as transmission, reflection, scattering, and 
diffraction. Interacting objects, receivers, or transmitters can also move giving rise to Doppler 
shift in the radio channel. Most common way of modelling a radio channel is with multipath 
components. Single MPC represents a path from TX to RX, that may include one or more 
interactions with IOs, such as reflections or scattering. At minimum, the MPCs are described 
by delay and received power, but might also include doppler shift, arrival angles, and departure 
angles.  
 
2.2.1 Deterministic models 
While radio channels are often modelled as stochastic, they are fundamentally deterministic 
processes. Maxwell’s equations with electromagnetic boundary conditions can be solved to 
obtain field strengths at all points and times. This is impractical for channel modelling due to 
multiple reasons; it requires perfect knowledge of all boundary conditions, i.e., the position and 
electromagnetic properties of all IOs, and the resulting equations are computationally too hard 




Ray tracing offers a practical approach to solving electromagnetic field strengths 
computationally. Terms “ray tracing” and “ray launching” describe different simulation 
processes but are often used interchangeably. This thesis uses “ray tracing” to refer to the 
general process of computing EM fields in some geometry by approximating EM propagation 
with rays.   Ray tracing approximates Maxwell’s equations by replacing electromagnetic waves 
with large number of narrow beams, known as rays. The ray tracing simulation consists of TX, 
RX, and surrounding geometry. The geometry can be any fictional model, or for example 
acquired from 3D models of some real environment. Rays are casted to all directions from TX 
and their propagation in surrounding geometry is simulated with simplified physics for 
reflections, transmission, scattering, and diffraction. The propagation distance of each ray is 
stored as real waves disperse when propagating and thus lose power. When power of a ray goes 
under some threshold via propagation and interactions with the environment, it is deleted. If a 
ray hits the receiver before that, it registers as one MPC. Ray-like approximation of 
electromagnetic wave propagation is accurate when size of IOs is large compared to wavelength 
being simulated. Therefore, ray tracing is especially suitable to modelling of radio channels for 
millimetre band 5G devices. While ray tracing is important for this thesis, it is used mainly as 
a tool, and will not be discussed in depth. 
 
2.2.2 Geometry-based stochastic models 
Geometry-based stochastic models use geometry-based information together with probabilistic 
approach to describe a radio channel. Concept of cluster, which refers to a group of MPCs that 
have highly similar, but not exactly same propagation path, is used in GBSM based models. 
The variation in between MPCs in a cluster can be in multiple dimensions, namely AoA, AoD, 
delay, and power. Exact nature and existence of clusters in radio channels is not universally 
accepted [8]. One good example of physical phenomena that causes clustering is scattering; 
when electromagnetic wave hits an IO that is of size comparable to the wavelength, the wave 
is scattered and thus nearby receiving antenna sees multiple MPCs with different AoAs and 
powers. The underlying idea in GBSMs is to model the radio channel on cluster level. The 
clusters are modelled by parametrizing absolute value and spread for each cluster’s AoA, AoD, 
power, and delay. Effectively, the GBSM approach models IOs present in the geometry by 
using clusters, which are parametrized by channel measurements, or as in this thesis, by ray 
tracing some 3D environment. The clusters are also often added to the simulation in stochastic 
manner. 
Some well-known channel models that use GBSM approach are 3GPP SCM [9][10], 
WINNER II [11] which is based on 3GPP SCM, and COST 2100 [12]. A more comprehensive 
list of GBSMs and general 5G channel models can be found in [13].  
 
2.3 Analytical models 
As stated in Chapter 2.1, analytical models aim to directly model the radio channel by 
constructing stochastic time-varying MIMO channel matrix 𝑯, which describes the transfer 
functions (equivalently, the impulse responses) between all pairs of antenna elements. 
Analytical modelling approach does not consider wave propagation related phenomena, such 
as propagation directions or clusters. Analytical models can be subdivided into correlation-





2.3.1 Correlation-based models 
The channel model in correlation-based models is constructed by assigning each MIMO 
channel matrix element, ℎ𝑖,𝑗, with some amplitude distribution. Rayleigh or Rician distributions 
are commonly used. Additionally, the correlation between antenna element pair transfer 




𝐻 }, (6) 
 
where 𝐸{⋅} denotes expected value, superscript (⋅)𝐻 denotes Hermitian transpose, and 𝒉𝑣𝑒𝑐 is 
defined as the vectorization of 𝑯 [4] 
 




Equations (6) and (7) describe a stochastic channel model for some delay 𝜏 and thus can be 
considered as single tap in a tapped delay line (TDL) model. To create a full channel model, 
amplitude distributions and correlation matrices must be defined for all used taps. 
 The channel matrix 𝑯 can be split into zero-mean stochastic part 𝑯𝑠 and purely 










where 𝐾 is the Rice factor. Assuming 𝐾 = 0, and thus 𝑯 = 𝑯𝑠, the zero-mean joint multivariate 
complex Gaussian distribution is given by 
 
𝑓(𝒉) =  
1
𝜋𝑁𝑟𝑥𝑁𝑡𝑥 det(𝑹)
exp(−𝒉𝐻𝑹−1𝒉) . (9) 
 
As the intent is to be able to produce the channel realizations 𝑯 at will by giving some amplitude 
distributions for all antenna element transfer function pairs ℎ𝑖,𝑗 and the correlation matrix 𝑹, 
we must now reverse the process. Channel matrix is given by 
 
𝑯 = 𝑣𝑒𝑐−1{𝒉}, (10) 
 












2⁄ = 𝑹 and 𝒈 ∈ ℝ𝑁𝑟𝑥𝑁𝑡𝑥 
consists of zero-mean i.i.d. Gaussian elements with unit variance. The process requires defining 
𝑹 with (𝑁𝑟𝑥 ∙ 𝑁𝑡𝑥)
2 real-valued parameters and thus process described by equations (10) and 
(11), and is not often used as is. Some popular simplified models are for instance independent 






2.3.1.1 i.i.d. channel model 
The i.i.d. model is the most simplistic correlation-based analytical channel model, which has 
been mainly used information theoretic analysis of MIMO systems [14][15]. In i.i.d. model, the 
most simplistic scenario is assumed, where elements of 𝑯 are i.i.d. complex Gaussian and 
 
𝑹 = 𝜌2𝑰 , (12) 
 
where 𝜌2 is the channel power and 𝑰 is the identity matrix. This corresponds to a channel where 
all MPCs are uncorrelated, have equal strength 𝜌2, and are uniformly distributed in arrival and 
departure angles. Rich scattering environments are good for single-user MIMO (SU-MIMO) 
systems as they provide maximum number of uncorrelated channels. 
 
2.3.1.2 Other correlation-based models 
One classic simplification to the i.i.d. model is the so-called Kronecker model, which restricts 
the correlation matrix to form 
 
𝑹 = 𝑹𝑡𝑥⨂𝑹𝑟𝑥, (13) 
 
 
where 𝑹𝑡𝑥 = 𝐸{𝑯
𝐻𝑯}, 𝑹𝑟𝑥 = 𝐸{𝑯𝑯






] , (14) 
 
where 𝑨 is an 𝑚 × 𝑛 matrix. Kronecker model implies that the RX and TX correlation matrices 
𝑹𝑟𝑥 and 𝑹𝑡𝑥, respectively, are separable. Kronecker model requires only specifying correlation 
matrices 𝑹𝑟𝑥 and 𝑹𝑡𝑥. This limits degrees-of-freedom in channel modelling, but only requires 
𝑁𝑡𝑥
2 + 𝑁𝑟𝑥
2 real-valued parameters to construct the model. It can be shown that using 






2⁄ , (15) 
 
where 𝑮 = 𝑣𝑒𝑐−1(𝒈). The Kronecker model is unable to couple single DoA with single DoD, 
which is common occurrence in many real life channels where MPC experiences single 
reflection between TX and RX [5]. 
Kronecker model has been criticized widely [18][19]. Weichselberger model [17] creates 
more general framework that contains Kronecker model as special case and improves on the 
model. These models or propagation-motivated analytical models will not be explored further 
in this thesis. 
 
2.4 WINNER II Channel Model 
This chapter presents and discusses channel model proposed in [11], which states that the goal 
of WINNER (Wireless world initiative new radio) is to develop a single ubiquitous radio access 




range to wide area. The motivation to include a chapter on WINNER II channel model in this 
thesis is due to it being used in Keysight GCM software, which in turn is used in this thesis.  
WINNER II is a GBSM channel model that creates path realizations stochastically based on 
statistical distributions that are extracted from channel measurements. The realizations are 
generated on “snapshot” basis, which refers to a location point and time in the simulation. 
WINNER II channel model is a double directional channel model, which means it incorporates 
elevation and azimuth angles of both RX and TX device into the model. These angles are 
combined into single variables angle-of-arrival (AoA) and angle-of-departure (AoD) for RX 
and TX respectively. 
Next, mathematical framework used in WINNER II is described. Transfer matrix for the 
MIMO channel 𝑯 ∈ ℂ𝑁𝑟𝑥×𝑁𝑡𝑥 is given by  
 
𝑯(𝑡, 𝜏) = ∑ 𝑯𝑛
𝑁
𝑛=1
(𝑡, 𝜏), (16) 
 
where 𝑁 is the number of paths. Contribution of each path 𝑯𝑛 is given by  
 
𝑯𝑛(𝑡, 𝜏) =  ∫ ∫ 𝑭𝑟𝑥(φ)𝒉𝑛(𝑡, 𝜏, 𝜑, 𝜙) 𝑭𝑡𝑥(𝜙)𝑑𝜙𝑑𝜑, (17) 
 
where 𝑭𝑟𝑥 and 𝑭𝑡𝑥 are the array response matrices for RX and TX respectively and 𝒉𝑛 is the 
channel response for nth cluster (i.e. path). AoA is denoted by φ and AoD by 𝜙. Single elements 
of the matrix 𝑯𝑛 correspond to channels between the TX element 𝑗 and the RX element 𝑖, and 
are given by 
 
















−1(?̅?𝑛,𝑚 ⋅ ?̅?𝑟𝑥,𝑖)) exp (𝑗2𝜋𝜆0
−1(?̅?𝑛,𝑚 ⋅ ?̅?𝑡𝑥,𝑗)) (18) 
                                 × exp(𝑗2𝜋𝜆0
−1𝜐𝑛,𝑚𝑡)𝛿(𝜏 − 𝜏𝑛,𝑚), 
 
where M is the number of rays and m is the ray index. Subscripts V and H stand for vertical 
and horizontal polarizations, 𝛼𝑛,𝑚,𝑉𝐻 is the complex gain for path n, ray m, from horizontal 
(TX) to vertical (RX) polarization, 𝛼 values are given with respect to the index 1 antenna 
elements in both TX and RX arrays. The phase shift to other antenna elements is then 
compensated by two exponential terms (second row of formula), where ?̅?𝑛,𝑚, ?̅?𝑛,𝑚 are the AoA 
and AoD unit vectors respectively, and ?̅?𝑟𝑥,𝑢, ?̅?𝑡𝑥,𝑠 are the RX and TX element positions 
compared to their respective index 1 elements in local coordinates. The last exponential term 
gives phase shift due to Doppler frequency for path n and ray m, denoted by 𝜐𝑛,𝑚. The term 
𝛿(𝜏 − 𝜏𝑛,𝑚) selects only rays arriving with delay 𝜏 =  𝜏𝑛,𝑚. 𝜆0 is the center wavelength used 
by the system. As the described channel model is dynamic, all the mentioned small scale 
parameters are functions of time. 
The mathematical framework presented in equations (16), (17) and (18) is completely 
deterministic and simply calculates channel responses for all RX and TX antenna element 
combinations given some clusters and rays parametrized by their AoA, AoD, positions, 
Doppler, delay, and gain for all four polarization combinations. As stated in Chapter 2.2.2, 




probability distributions. In the case of WINNER II, the probability distributions are given for 
14 different scenarios, which were created as a result of measurement campaigns. These 
scenarios include such as A1 – Indoor office, B1 – Urban micro-cell, and D2 – Moving 
networks to a name a few. 
In this thesis, Propsim GCM Tool is used, which is based on WINNER II framework. As the 
goal of this thesis is to generate realistic fading emulations based on ray tracing, the premade 
scenarios provided by WINNER II framework will not be used. Instead, ray tracing will be used 
to calculate rays which are parametrized by their power, delay, AoA, and AoD. GCM Tool then 
calculates the probability distributions that are usually provided by premade scenarios from the 
ray tracing software output. Thus, it is important to understand how WINNER II model 
generates these probability distributions and how they are used. 
WINNER II includes a generic model as well as simplified models for faster simulations. 
We will consider only the generic model. The model is parametrized on two levels: large scale 
(LS), and small scale (SS). LS parameters include shadow fading, delay, and angular spreads 
which are drawn randomly from given distributions. Small scale parameters include delays, 
powers, AoA, and AoD, and are drawn according to given distributions and second moments 
of LS parameter distributions. After picking realizations for LS and SS parameters, the 
simulation model is deterministic except for initial phases of scatterers, which are picked from 
uniform distribution to get different realizations of the channel. LS parameters represent 
average of the parameter over some distance and are same for multiple UEs in same position. 
Correlation between large scale parameters decays exponentially with function of distance. 
WINNER II channel model also includes notion of “channel segments”, that represent quasi-
stationary periods [4]. Within channel segment, small scale parameter distributions are nearly 
constant and large scale parameters, speed, and direction of travel of MS stay nearly constant. 
These channel segments are confined spatially to maximum of few meters, depending on the 
environment. 
Another WINNER II specific notion is a “drop”. In a drop LS and SS parameters are fixed, 
so the model is deterministic apart from initial phases of rays. In a drop the UE and MS are 
stationary, while movement is simulated by randomly assigning phases to rays, which causes 
fast fading and doppler shift. It can be considered as an idealistic representation of fading effects 
with large scale parameters given by the channel segment where it occurs. Duration of a drop 
can be selected for simulation. Drops are used to speed up the simulation, but as a drawback, 
successive simulations with same geometry do not have exactly same fading. WINNER II offers 
two options for simulating models with multiple channel segments for a UE: drops, or 







3 MIMO TESTING 
This chapter gives overview of MIMO system testing systems. Chapter 3.1 describes paradigm 
shifts over in testing over different generations of mobile networks, and gives motivation for 
development of new MIMO testing systems for 5G systems. Chapter 3.2 describes 5G new 
radio (NR) UE testing candidate solution based on reverberation chamber, and Chapter 3.3 
describes candidate solution based on multiprobe anechoic chamber. 
 
3.1 Overview 
All wireless communications systems require testing to validate different aspects of the system. 
These tests are first done first on a subsystem level, such as antenna testing or system on a chip 
(SoC) testing to validate individual subsystems. At some point in the product development 
process, the subsystems are integrated together, which also requires testing and is known as 
integration testing. Next, system testing is conducted, which is the focus in this thesis. System 
testing considers functionality of the product in an end-to-end manner. Finally, acceptance 
testing is concluded, which refers to validation of functionality with respect to some (internal 
or external) specification. 
System testing often includes large variety of different test setups, scenarios, and metrics 
and is done for differing purposes. Academics often validate theoretical results by system 
testing, engineers validate system designs or manufacturing processes, and collected metrics, 
often dubbed as KPIs, are important selling points for marketing. 
There has been multiple paradigm shifts in non-drive test OTA testing of wireless systems 
over the years. In pre 3G and 3G systems, the dominant test paradigm was testing in anechoic 
LOS environments. Introduction of fourth generation (4G) systems (WIMAX, LTE) brought 
orthogonal frequency-division multiplexing (OFDM) coupled with MIMO antennas, that have 
been used to increase channel capacity and to provide diversity against multi-path fading (small 
scale fading). Therefore, emulating multi-path fading and delay spread became necessary for 
testing of 4G systems, that cannot be done in a traditional anechoic chamber. 
5G systems use multipath propagation in the wireless channel to provide diversity gain and 
spectral efficiency, as well as antenna arrays to provide beamforming gain. This combined with 
increased integration of RF front end and antenna elements makes traditional conductive testing 
of such devices problematic. The problem at hand is to build a system that is capable of 
imitating transfer functions for all antenna element pairs, which are naturally generated by the 
radio channel in normal use, for all antenna element pairs so that they reproduce some real-life 
radio channel of interest. The system would also ideally be relatively inexpensive and scalable. 
Multiple solutions have been proposed in 3GPP technical reports for 5G NR UE testing 
[1],[20]. Two of the candidate solutions proposed were based on reverberation chamber, and 
four on multiprobe anechoic chamber. Even though the technical reports mainly consider UE 
testing, MPAC based solutions are applicable to 5G NR BS testing. Description of reverberation 
chamber is included in this thesis to give more complete picture of MIMO testing systems. 
 
3.2 Reverberation chamber 
It is possible to create ideal multipath fading by generating close to i.i.d. Rayleigh fading 
channels with different delays. In physical terms this corresponds to generating impeding fields 




angle-of-arrival. When antenna ports are also uncoupled, the environment is called rich 
isotropic multipath (RIMP) [21]. This can be achieved with reverberation chamber. 
The use of reverberation chambers for electromagnetic compatibility (EMC) testing was first 
proposed in 1968 [22]. First application of reverberation chambers to wireless communications 
systems testing was done in 2004 [23]. Reverberation chambers are electrically large (compared 
to wavelength) resonating cavities with high quality value (Q-value) that obtain statistically 
uniform fields by mechanically stirring the field. The mechanical stirring is usually achieved 
by moving reflective surfaces, which can be considered as varying boundary conditions in a 
cavity resonator. Reverberation chambers lack the ability to create delay dispersion for 
multipath components, which is a considerable disadvantage for the test system. While 
reverberation chambers have been proposed for 5G NR UE testing, the framework is not 
suitable for 5G NR BS testing. This is due to assumption of uniformly distributed angle-of-
arrival, which is not realistic for sectored base stations. 
 
3.3 Multiprobe anechoic chamber 
The Rayleigh fading environment (and therefore RIMP environment) can be seen as a worst-
case scenario, as is does not contain LOS component. This is applicable to terrestrial links in 
some dense urban environments, but Rician distribution is more applicable to BS testing in 
general. This is especially true for 5G devices which utilize some small number of dominant 
propagation paths via beamforming. Therefore, reverberation chambers offer 5G BS testing 
only an “idealistically bad” scenario as testing of beamforming functionality is paramount to 
development and production of 5G devices. 
Anechoic RF chamber is a common test environment for RF equipment, which aims to 
eliminate all radio wave scattering from walls and floor with RF absorbers. This allows 
examining only line-of-sight propagation. One application of anechoic RF chambers is antenna 
testing, where DUT is placed on a rotating device within the anechoic chamber, and the 
resulting radiation is measured with a probe to produce antenna radiation pattern of the device. 
Multiprobe anechoic chamber consists of a traditional anechoic RF chamber, and a set of 
probes (antennas) that are placed within the anechoic chamber to sample electromagnetic (EM) 
field inside the chamber. For UE testing, the probes are located around the DUT to provide 
ability to create impeding signals from all directions. Base stations are designed to cover a 
horizontal sector, usually 60, 90, or 120 degrees, so that multiple base stations give 360 degrees 
of coverage. Therefore, it is sufficient for BS testing that MPAC probes cover only some sector 
in front of the DUT. 
Test systems that utilize MPAC and channel emulator for 5G NR UE were first proposed in 
[24] and more thorough description was given in [25]. The MPAC test system considered in 
this thesis consists of a DUT, channel emulator, UE and an MPAC. DUT is connected to 
channel emulator via air interface through probes in MPAC, and UE is connected to channel 
emulator conductively. DUT is sufficiently far from MPAC probes so that it is in far field 
region. The system produces an EM field around the DUT by transmitting with channel 
emulator through MPAC probes. Channel emulator transmits signals so that signal received by 
the DUT has spatial, time, and polarization characteristics that match the signal transmitted by 
UE combined with effects of the simulated channel model. The channel emulator performs 
convolution of TX signal and channel impulse response on per port basis. Channel impulse 
response is calculated for each port taking into account the physical location of the 
corresponding probe in the MPAC setup. Channel impulse response also contains large- and 




antennas and duplex channels, in which downlink (DL) and uplink (UL) signals use same signal 
path. Duplex channel is necessary for time domain duplexing (TDD) systems, while in 
frequency division duplexing (FDD) systems DL and UL channels can be separated. With 
separated DL and UL signals, it is possible to add fading effects only in one direction, while 
other direction is fed through single separate probe within MPAC. 
The process of creating channel impulse responses for each port such that the characteristics 
of the signal received by BS correspond to some channel model is nontrivial. Two synthesis 






Implementation details of the test systems are described in this chapter. First, emulation creation 
workflow is described in Chapter 4.1. Deployment options for 5G base stations are described 
in Chapter 4.2. Two test systems are considered in this thesis, a conductive test setup, that is 
described in Chapter 4.3, and an OTA test setup, which is described in Chapter 4.4. Power 
budget calculations for the test system are done in Chapter 4.5. In order to verify power levels 
in the test system in an end-to-end manner, NR-SS-RSRP measurements are used. NR-SS-
RSRP definition and explanation of the measurement is given in Chapter 4.5.1. Comparison of 
NR-SS-RSRP to theoretical received power is given Chapters 4.5.2 and 4.5.3. 
 
4.1 System overview 
The test setup described in this thesis combines multiple software and hardware components 
provided by multiple vendors. These include in-house developed ray tracing software, GCM 
Tool channel modelling software, Propsim channel emulator, Mediatek test UE, and Nokia base 
stations. This chapter gives overview of the test system and short description of its components. 
Interfaces between components are created in this thesis and described in this chapter. Figure 1 
shows the test system workflow. 
 
 
Figure 1. Test system workflow. 
 
Next, each one of the workflow phases are described. 3D geometry is usually described as a set 
of edges, vertices, and polygons. One such description is file format GLTF, which is used by 
ray tracer in this thesis. The ray tracer also requires BS and UE positions in the 3D geometry 
described by a JSON file. These JSON files are with generated a tool that renders 3D 
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Ray tracing software used in this thesis is in-house developed with graphics processing unit 
(GPU) acceleration. In addition to 3D geometry and radio positions, some parameters must be 
provided to the ray tracing engine. These include cut-off power for rays, and maximum number 
of reflections and diffractions.  
Ray tracing software creates a JSON file containing received rays for each UE position, all 
of which are parametrized by power, delays, and receiving angles. These files are then post 
processed and converted to import format specified by GCM Tool. Post processing includes, 
for example, combining LOS paths that are split into multiple received rays into a single a ray. 
After GCM Tool import, virtual antennas are created in the software if needed, and 
parameters such as UE speed and antenna tilts are given. Clustering and conversion to 
WINNER II type GBSM is then done with GCM Tool, which creates input files suitable for 
Propsim channel emulator. 
Propsim channel emulator requires specifying some environmental variables which describe 
the test setup used. These environmental variables include used frequency band, channel, crest 
factor of the signal, maximum TX power, and losses for both BS and UE inputs. Realized power 
levels in BS and UE inputs depend on environmental settings and correct power level is set by 
fine tuning these variables until test UE reports correct NR-SS-RSRP value. Calculations to 
determine theoretical NR-SS-RSRP value for the test scenario are presented in Chapter 4.5.1. 
Measurement data is recorded during emulation from UE, a Mediak test phone with provided 
measurement software, as well as from BS with proprietary debug tool. These measurements 
are synchronized to the emulation in post processing and results are visualized. 
 
4.2 Deployment options 
As per 3GPP release 15 there are two different categories for deployment options in 5G NR 
networks; stand-alone (SA) and non-stand alone (NSA) [26]. SA deployment refers to 
deploying a gNodeB (gNB, a 3GPP 5G NR compliant base station) with 5G core (5GC). In 
NSA deployment, the gNodeB is deployed with evolved packet core (EPC, a 3GPP LTE 
compliant core network) instead of 5GC.  SA and NSA deployment modes are defined in 3GPP 
document [27], or in a more accessible way in white paper [28]. In total there are 6 different 
deployment options for different combinations of base stations (evolved node B (eNB), next 
generation evolved node B (ng-eNB), and gNB) and core networks (EPC, 5GC), see Table 1. 
Simplifying, one base station always acts as the master node (anchor node) which connects 
most control plane functions to the core network, and the secondary node provides augmented 
network services (improved coverage, higher throughput, lower latency etc.). These 
deployment options have been introduced to make migration from LTE to 5G NR networks 
more cost effective for communications service providers. 
 
Table 1. 3GPP defined 5G NR deployment options. Deployment option 6 was removed 
during the standardization process, but option numbering remains 
Option Master node Secondary node  Core network 
1 eNB - EPC 
2 eNB gNB EPC 
3 gNB - 5GC 
4 gNB ng-eNB 5GC 
5 ng-eNB - 5GC 
6 - - - 





The test setups used in this thesis are deployed in NSA mode according to option 2, with eNB 
master node, gNB secondary node, and EPC core network. Therefore, the gNB DUT is acting 
as secondary node. This affects the test setup topology and configurations but should not 
significantly affect 5G NR BS system testing. 
 
4.3 Conductive setup 
The first test setup does not use an MPAC, but rather connects to the channel emulator via 
attenuators. First test setup was deliberately simplified to validate the data pipeline. Large 
number of steps in the data pipeline combined with eNB, gNB, and EPC configurations makes 
the system hard to verify. One additional complication is related to gathering of the 
measurement data; Synchronization of the measurements with the emulation is difficult, and all 
power measurements given by the UE and BS are hard to relate to actual power densities 
produced by the TXs. 
As shown in Figure 2, the conductive test setup is deployed as per 5G NR deployment option 
2. The eNB is only used as an anchor node and connected to the UE directly via attenuator. 
gNB is connected to both eNB and EPC via S1 and X2 interfaces, respectively. gNB is of so-
called remote radio head (RRH) type, and therefore does not have integrated antenna array. 
RRHs use coaxial cables to connect to an external antenna array. 
In this test setup the RRH coaxial cables are connected to channel emulator via a RF coupler 
and 30 dB attenuators. The RF coupler is a passive device that samples all input connections 
with equivalent phase and high attenuation, and then connects the signal back via single output 
line. This coupled feedback is used by gNodeB RRH to calibrate the system from gNodeB 





Figure 2. Test setup overview for conductive testing. 
 
Channel emulator is used to calibrate the system from RF coupler output ports to channel 
emulator input ports. The system between gNobeB RRH output ports and channel emulator 
input ports must be well calibrated, as virtual antenna array is added to the simulation in channel 
emulator. Any significant phase differences between channel emulator input ports results in 
drastic degradation of beamforming performance. Each time when gNodeB is restarted, it starts 
with effectively random phases for each port, which must be calibrated via a feedback 
connection. Therefore, the system must be calibrated in two separate parts. High quality phase-
stable RF cables should be used in conductive test setups.  
 gNB RRH technical details are given in Chapter 5.1.  The channel emulator is connected to 
the UE with 4 coaxial cables, one for each antenna element. A control PC is used to configure 
and run different components in the test setup. The UE is a R&D test smartphone made by 
Mediatek with exposed antenna ports for easy conductive testing. 
 
4.4 OTA setup 
OTA setup which is utilized in this thesis includes previously described MPAC system. System 
overview is presented in Figure 3. OTA setup used in this thesis differs from the conductive 
setup described in Chapter 4.3 in few aspects. The 8TRX RRH gNB is replaced with 32 TRX 
gNB with integrated antenna array. Additional ports allow for more sophisticated beamforming. 




32 coaxial cables from MPAC setup to channel emulator. The probes are ± 45 degrees dual 
polarized Vivaldi antennas with 9 dBi directivity. 
 
 
Figure 3. Test setup overview for OTA testing. 
 
The test setup does not have attenuators on gNB – channel emulator – UE signal path but does 
have considerable attenuation due to distance between gNodeB and MPAC probes. Calibration 
for OTA setup requires only calibrating from MPAC probe connectors to channel emulator 
input, as feedback for gNodeB port calibration is done internally via the integrated antenna 
array. While MPAC setup is needed for testing of products with integrated antenna arrays, it 
does have some disadvantages. Free-space path loss between the gNodeB is high, which limits 
achievable power levels, especially in UL direction. This problem will be discussed in Chapter 
5.2. Additionally, sampling of the transmitted field by BS with MPAC probes is not perfect, 
which might cause inaccuracies in the emulation. 
 
4.5 Power budget 
This chapter describes power budget calculations for a 5G BS MPAC test system. Power budget 
calculations for 4G MPAC test system are presented in [29]. Author gives downlink power 
budget (i.e. power received by the UE) in dBm, 𝑃𝑈𝐸 , as 
 
𝑃𝑈𝐸 = 𝑃𝑇𝑋.𝐵𝑆 + 𝐺𝐵𝑆 − 𝐹𝑆𝑃𝐿 + 𝐺𝑝 − 𝐺𝑐 + 𝐺𝐶𝐸 , (19) 
 
where 𝑃𝑇𝑋,𝐵𝑆 is the power transmitted by BS, 𝐺𝐵𝑆 is the BS antenna gain, FSPL is the free-




sum of cable losses from MPAC probe to channel emulator, and cable losses from channel 
emulator to the UE, and 𝐺𝐶𝐸 is the channel emulator gain. FSPL in decibels is calculated as 
 





] , (20) 
 
where 𝑅 is the distance between BS antenna array and MPAC probe, 𝑓𝑐 is the centre frequency, 
and 𝑐 is the speed of light. The calculations are missing UE gain, which will be added to 
calculations presented in this thesis. Similarly, power budget for uplink (i.e. power received by 
the BS) is given as 
 
𝑃𝐵𝑆 = 𝑃𝑇𝑋,𝑈𝐸 + 𝐺𝑈𝐸 + 𝐺𝐶𝐸 − 𝐺𝑐 + 𝐺𝑝 + 𝐺𝐵𝑆 − 𝐹𝑆𝑃𝐿 + 𝐺𝐵𝑆, (21) 
 
where 𝑃𝐵𝑆 is the power received by BS, 𝑃𝑇𝑋,𝑈𝐸 is the UE transmit power, and 𝐺𝑈𝐸 is the UE 
antenna gain. 
Power received by the BS, 𝑃𝐵𝑆, will be naturally smaller than 𝑃𝑈𝐸  due to low TX power in UE. 
Next, we will inspect how such power budget calculations and subsequently, the test system 
can be verified. 
Deducing what is the total power received from some bandwidth via UE or BS provided 
measurements is not completely straightforward. Easiest way to verify an MPAC setup power 
budget would be by using a spectrum analyser, but it cannot be used while UE or BS is 
connected. 
LTE systems provide multiple power level measurements for many different purposes. For 
exhaustive list of 3GPP specified Evolved Universal Terrestrial Radio Access (E-UTRA) 
physical layer measurements, the reader is referred to [30]. Note that 5G NR systems also use 
E-UTRA when working in non-standalone mode, and therefore the document also contains 5G 
NR specific physical layer measurements. 
5G NR specific measurements include NR synchronization signal reference signal received 
power (NR-SS-RSRP), NR synchronization signal reference signal received quality (NR-SS-
RSRQ), and signal-to-noise and interference ratio (NR-SS-SINR). We are mainly interested in 
NR-SS-RSRP, as we focus on verifying test system received power levels. 
 
4.5.1 NR-SS-RSRP 
From NR-SS-RSRP  definition in [30]: 
 
“NR SS reference signal received power (NR-SS-RSRP) is defined as the linear average over 
the power contributions (in [W]) of the resource elements that carry secondary synchronization 
signals (SS). The measurement time resource(s) for NR-SS-RSRP are confined within SS/PBCH 




“NR-SS-RSRP shall be measured only among the reference signals corresponding to SS/PBCH 
blocks with the same SS/PBCH block index and the same physical-layer cell identity.“ 
 
5G NR frame structure can be found in 3GPP specification 38.211 [31]. While frame structure 




SS-RSRP definition, SS may refer to synchronization signal or secondary synchronization 
signal. In this thesis SSS is used to refer to secondary synchronization signal. 
In order to understand NR-SS-RSRP, we must first understand what is meant by resource 
elements that carry secondary synchronization signals (SSS). All SS signals are sent over 
physical broadcast channel (PBCH) in a SS/PBCH block, which is often referred to simply as 
synchronization signal block (SSB) because they are always transmitted together. In this thesis 
the term SS/PBCH block will be used. SS/PBCH block is always 4 OFDM symbols in time 
domain and 240 contiguous subcarriers in frequency domain. 
SS/PBCH block contains primary synchronization signal (PSS), secondary synchronization 
signal (SSS), physical broadcast channel demodulation reference signal (PBCH DM-RS), and 
physical broadcast channel (PBCH) which contains master information block (MIB). 
SS/PBCH block is used, among other purposes, for beam sweeping. Beam sweeping is 
defined as “Beam sweeping: operation of covering a spatial area, with beams transmitted 
and/or received during a time interval in a predetermined way.”[32]. The BS has set of 
predefined beams, which are beamformed so that they point to different angles covering the 
whole sector of intended use. 
The BS transmits so-called SS bursts with some configurable periodicity (5/10/20/40/80/160 
ms). Each SS burst contains multiple SS/PBCH blocks, which all have unique SS block index 
corresponding predefined beams used in beam sweeping. Therefore, the number of SS/PBCH 
blocks in each SS burst is equal to number of predefined beams used. 
The NR-SS-RSRP definition states “NR-SS-RSRP shall be measured only among the 
reference signals corresponding to SS/PBCH blocks with the same SS/PBCH block index and 
the same physical-layer cell identity.” [30]. Therefore NR-SS-RSRP is reported so that it only 
contains measurements from SS/PBCH block index that has highest received power. 
Since equipment used in this thesis works in 3GPP defined frequency range 1 (FR1), the 
measurement is taken from antenna port connector of the UE (see NR-SS-RSRP definition). 
The power per each SS/PBCH block is configurable value for the BS, which must be known in 
order to calculate total received power from NR-SS-RSRP value. 
SS/PBCH block always occupies 240 (contiguous) subcarriers, or equivalently 20 resource 
blocks (RB). This equivalence is due to RBs being always 12 sub-carriers in frequency domain. 
Therefore, we can extrapolate the NR-SS-RSRP value to whole occupied bandwidth (OBW) to 
get total received power. This naturally assumes that BS is transmitting with approximately 
same power over the whole bandwidth, which is not always true. Number of resource blocks 
available to the system depends on OBW, which varies from 15 MHz to 100 MHz for FR1 
systems, and on sub-carrier spacing (SCS), which is 15,30, or 60 kHz for FR1 systems. SCS is 
directly determined by so-called numerology such that Δ𝑓 = 2𝜇  ⋅ 15 𝑘𝐻𝑧, 𝜇 = 0,1,2. 
 
4.5.2 Other corrections 
For time division duplex (TDD) systems, the same frequency band is shared between downlink 
and uplink transmissions. Division of transmit time between DL and UL transmissions naturally 
affects total received power by the BS and UE. The division of time resource is done on on-
demand basis by selecting suitable slot format from 61 predefined slot formats. One slot always 
consists of 14 or 12 symbols in 5G NR systems, with 14 being used when operating with normal 
length cyclic prefix (CP) and 12 being used when operating with extended CP. The slot format 
defines each symbol in a slot as DL, UL, or flexible symbol. Flexible symbols can be used by 
DL or UL transmissions. There exist slot types which have all DL or UL symbols (slot formats 




by configuration. Received power extrapolation therefore requires additional corrective factor, 
which is simply the proportion of DL symbols (for UE power measurement) compared to total 
symbols in a slot. 
As mentioned earlier, the base station does beam sweeping with SSB beams. These beams 
are beamformed to cover some sector in order to perform beam acquisition. The beams used by 
physical downlink shared channel (PDSCH), which carries payload data, can be more 
directional (narrower). As the system operates on some predefined spatial grid of beams the 
maxima of any beam pattern is not guaranteed to hit the UE. This holds true for both SSB beams 
and PDSCH beams. It is possible to approximately extrapolate the average power received by 
UE by measuring NR-SS-RSRP and using difference between maximum gain values of SSB 
beam and PDSCH beam to calculate received power of payload data transmission. The 
correction should also include possible differences between SS/PBCH block and PDSCH block 
transmit power. 
 
4.5.3 Received power 
To calculate approximate total received power from NR-SS-RSRP, we must know number of 
resource blocks on OBW, the number of DL transmission symbols for each slot, SSB and 
PDSCH block powers, and gains for SSB and PDSCH beams. Assuming time and frequency 
share of SS/PBCH block is so small that it can be approximated with PDSCH power, we get 
the approximate received power as 
 




                                          +10 log10 (
𝑁𝐷𝐿
𝑁𝑠𝑦𝑚𝑏𝑜𝑙
) + (𝐺𝑃𝐷𝑆𝐶𝐻 − 𝐺𝑆𝑆𝐵) + (𝑃𝑃𝐷𝑆𝐶𝐻 − 𝑃𝑆𝑆𝐵), (22) 
 
where 𝑃𝑟𝑒𝑐 is the extrapolated received power over whole OBW, 𝑃𝑁𝑅−𝑆𝑆−𝑅𝑆𝑅𝑃 is the measured 
NR-SS-RSRP value by the UE, OBW is the occupied bandwidth, SCS is the sub-carrier 
spacing, 𝑁𝑠𝑦𝑚𝑏𝑜𝑙 is the total number of symbols in each slot, and 𝑁𝐷𝐿 is the number of DL 
symbols in each slot. 𝐺𝑃𝐷𝑆𝐶𝐻 and 𝐺𝑆𝑆𝐵 are the PDSCH and SSB beam gains, respectively. 
Similarly, 𝑃𝑃𝐷𝑆𝐶𝐻 and 𝑃𝑆𝑆𝐵 are the respective TX powers for PDSCH and SS/PBCH in decibels. 
Equivalent formulation can be done in terms of numerology and RBs. 
The Propsim channel emulator measures port power, which can be compared to measured 
NR-SS-RSRP value from test UE. It is often useful to measure peak power, which only takes 
into account parts of the signal that are above specified power limit within some specified 
measurement time window. If the limits are set so that only parts of the signal that contain 
PDSCH is measured, equation (22) can be simplified to 
 
𝑃𝑟𝑒𝑐 = 𝑃𝑁𝑅−𝑆𝑆−𝑅𝑆𝑅𝑃 + (𝐺𝑃𝐷𝑆𝐶𝐻 − 𝐺𝑆𝑆𝐵) + (𝑃𝑃𝐷𝑆𝐶𝐻 − 𝑃𝑆𝑆𝐵). (23) 
 
Equation (23) is used to compare theoretical received power of the system, given by equation 
(19) with added UE antenna gain, to measured NR-SS-RSRP values. This comparison can be 
used for verification of the system power levels in LOS conditions, which is done in both tests 







This chapter explains testing process in detail, gives technical details on the DUTs, and finally 
presents the test results for conductive and OTA tests. Chapter 5.1 considers conductive testing 
and is further divided into Chapter 5.1.1 considering channel simulation, Chapter 5.1.2 
considering GBSM creation and evaluation, and Chapter 5.1.3 considering emulation process 
and measurements. Finally, Chapter 5.2 considers aspects specific to OTA testing, outlines the 
test process, and presents measurements for OTA test. 
 
5.1 Conductive test 
As outlined in Chapter 1, conductive testing is only applicable to DUTs with accessible RF 
ports and does not include effects of the antennas in the test. While lack of real antennas in the 
test is a considerable disadvantage to the test system, the antennas can be created virtually. This 
requires precise calibration of the test system, as the virtual antennas are created in the channel 
emulator, as described in Chapter 4.3. 
 
5.1.1 Channel simulation 
The first end-to-end test was done using a channel model based on a 3D model of the city of 
Helsinki. The base station is mounted to a wall of a tall building in front of a square, and the 
UE route runs parallel to the base station on the other side of the square, see Figure 4. The figure 
shows base station on the right which is highlighted with red. UE positions are marked with 
small cubes on opposite side of the square to the base station. 
Distance between base station and UE route varies between 140 and 115 meters. Buildings 
surround the square on all sides, which provides rich multipath scattering environment. This 
route was chosen for first test in system validation because it provides constant LOS connection, 
which makes power budget validation possible, as well as multipath scattering, which is 
required by GCM Tool. GCM tool requires at least 10 impeding rays on each UE position to 






Figure 4. Rendered 3D model of Helsinki with BS and UE positions. 
 
The DUT is a 5G NR TDD 8 TRX RRH base station that works in n77 band (3300 MHz – 4200 
MHz). RRH refers to a type of radio that does not have integrated antennas (antenna arrays in 
beamforming radios), but rather uses RF cables to connect to an external antenna array. These 
antenna arrays are often interchangeable and can be acquired separately from the radio, given 
that the antenna array works in same frequency and has same number of TX and RX ports. 8 
TRX refers to 8 TX and 8 RX ports in the device. For beamforming 5G NR FR1 radios, the 8 
ports for each direction (TX, RX) are often arranged in 4 dual polarized vertically stacked 
antenna arrays. The radio is configured to use centre frequency of 3950 MHz and 100 MHz 
bandwidth. These values are naturally also used in the ray tracing simulation. Maximum TX 
power of the DUT is 160 W, but it is configured to use lower power. 
The UE route runs from right to left. The squares marking UE positions correspond to 
positions where channel response will be calculated with ray tracing. The channel in between 
these positions is constructed by GCM Tool by interpolating between measurement points. 
Looking from the BS towards the UE route, there are multiple single reflection multipaths that 
should be easily distinguishable from resulting ray traced channel model. These are ground 
reflections in front of the UE positions, back reflections from buildings behind the UE positions, 
and reflections from buildings on the right and left side of the square. 
As overhead view generated by GCM Tool in Figure 5 shows, the UE starts at furthest point 
from the BS, gets closest to it by the midpoint of the emulation, and then starts receding again. 






Figure 5. GCM Tool UI displaying simulation scenario. 
 
Ray tracing is done with only refractions and reflections enabled to keep the resulting channel 
model simplistic, which helps with the system verification. Usually diffractions would also be 
simulated, which makes the channel model more realistic. Cut-off power density, which 
removes rays that have power below the limit from ray tracing simulation was set to 
−62 dBm m2⁄ . The simulation results had in between 25 and 76 received rays for each UE 
position with total received power varying in between -54.9 dBm and -53.5 dBm. Number of 
received rays and total power received for each receiver position is given in Table 2. 
 
Table 2. Number of received rays and their total power for each receiver position 
Receiver position Number of received rays Total received power [dBm] 
1 29 -54.9 
2 25 -54.5 
3 47 -54.2 
4 49 -54.1 
5 55 -54.0 
6 64 -53.9 
7 71 -53.8 




9 63 -53.9 
10 60 -53.6 
11 66 -53.5 
12 62 -53.7 
13 57 -53.7 
14 59 -53.4 
15 62 -53.4 
16 76 -53.4 
17 69 -53.5 
18 63 -53.3 
19 67 -53.3 
20 60 -53.4 
21 48 -53.4 
22 44 -53.7 
23 42 -53.6 
24 57 -53.5 
25 53 -53.6 
26 43 -53.7 
27 43 -53.8 
28 50 -53.8 
29 31 -54.1 
30 25 -54.3 
 
5.1.2 Geometry-based stochastic channel model 
Next, GCM Tool is used to generate a GBSM from ray tracing output file. Each ray in Table 2 
is parametrized by power, delay, azimuth-of-arrival (AoA), azimuth-of-departure (AoD), 
elevation-of-arrival (EoA), and elevation-of-departure (EoD). Note that AoA was previously 
used in this thesis to refer to angle-of-arrival, which is combined azimuth-of-arrival and 
elevation-of-arrival. Similar conflicting definition exists for AoD. 
These rays are combined into clusters and UE route positions between ray tracing simulation 
points are interpolated by GCM Tool. As the test setup is conductive, the real antenna array for 
BS is not included in the test. Therefore, in order to accurately mimic real-life conditions, the 
antenna arrays are included virtually in GBSM by creating them with GCM Tool. 
GCM Tool has built-in Antenna Array Tool, which is used to build the virtual antenna array. 
The virtual antenna array was modelled after a typical external antenna array that would be used 
with the DUT in question. Created virtual array consists of 4 dual polarized columns of five 







Figure 6. Element positions of antenna elements. Only one polarization is shown. 
 
Elements within a single column are fed from one port, and therefore amplitudes and phases of 
single elements within the column are static and set by geometry of feedlines from port to the 
elements. In case of virtual elements, the amplitudes and phases are set numerically. Each 
column has 5 elements with amplitude of 0.45 and no phase offset. Amplitude was chosen to 
have unitary power for each column (5 ⋅ 0.452 ≈ 1). Therefore, maximum gain of each column 
is 10 log10(𝑁𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠) = 7 dB. 
As shown in Figure 7, the gain is only increased in broadside directions of the column. All 
antenna elements were modelled as ± 45 degree slanted isotropic radiators, and therefore gain 







Figure 7. Single column gain pattern with respect to elevation. 
 
There are 4 columns for each polarization, which have maximum gain of 20 log10(𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) =
12 db. Therefore, maximum gain of the whole array is 7 dB + 12 dB = 19 dB. Maximum gain 
of 10 log10(⋅) is used for passive columns as they only provide directional gain, while 
20 log10(⋅) is used for active arrays as they also provide more TX power compared to single 






Figure 8. Gain for whole array, azimuth. 
 
 




The UE has 4 ports for which the antenna is modelled as two ± 45 degree slanted isotropic 
radiators. Speed of UE movement along the simulated route was set to 1.4 m s⁄ , which 
corresponds to typical walking speed. Duration of the whole emulation is 109 seconds. 
The GBSM is created from imported RT results according to previously described 
parameters. Next, some parameter visualizations of the created GBSM are presented, which act 
as rationality check for model verification.  
Power received by the UE over emulation duration with TX power of 30 dBm is shown in 
Figure 10. This result is roughly in line with theoretical received power calculated with Friis 
path loss formula, which gives value of -38 dBm. The RT simulation BS and UE distances were 
set so that there is roughly 14 dB allowance for crest factor. This poses a limit on the capabilities 
of the channel emulator setup where distance between BS and UE cannot be too small. 
Otherwise, the channel emulator will clip the input signal. This limit is dependent on used BS 
and UE TX powers, the attenuation in the signal path, and crest factor of the signal. 
 
 
Figure 10. UE received power and maximum allowed power level in channel emulator. 
 
Figure 11 Shows normalized MIMO channel gain (amplitudes of elements of channel matrix 
𝑯) for DL direction. It seems that MIMO channel gains are correlated with only few distinct 
groups. However, this does not imply that the channel is unable to provide diversity, as only 
amplitudes of the channels are presented. The RT simulation was done for only one (vertical) 
polarization and cross polarization ratio (XPR) of 10 dB was assumed for second polarization 
creation, which naturally creates correlation between amplitudes of co-located antenna 
elements of different polarizations. The channel is set to be reciprocal, so DL and UL directions 






Figure 11. Normalized MIMO channel gain with respect to emulation time. 
 
Received powers for each cluster are presented in Figure 12. Most power is naturally received 
from the LOS path (green), which has distinct curve because UE positions in middle of the 
emulation are closer to the BS. The second most power is received from cluster 1, which is in 
orange. Cluster 1 represents power received from ground reflection in front the UE positions. 
Cluster 2 (dark red) represents reflections from walls behind UE positions. Cluster 3 (blue) is 
reflected from left side buildings in the square (looking from BS to UE). Some clusters are not 
continuous enough over the whole emulation, so they are broken into multiple clusters. This 
can be seen from clusters 4 (bright red), 6 (yellow), and 47 (dotted blue), which together 
correspond to reflections from right side buildings in the square. These cluster distinctions will 
become more apparent as we look at delays and arrival angles of described clusters. The 
emulation also contains multiple sporadic clusters, as is expected. The time axis of Figure 12 
and following figures on delays and arrival angles seem to have wrong labels, as emulation 







Figure 12. Cluster received power with respect to emulation time. 
 
Cluster delays are shown in Figure 13. As expected, the delay difference between LOS, ground 
reflection, and reflection from buildings behind UE is miniscule. Figure 13 confirms 
assumption of cluster 3 (blue) being generated by left side building, as when UE moves from 
right to left, the delay (propagation distance) decreases. Similar trend can be seen in reverse for 
clusters 4 (bright red), 6 (yellow), and 47 (dotted blue), which correspond to right side building. 
We can also see some of the sporadic clusters forming lines in delay domain. Clusters with 
delays over 1000 ns are probably from multiple reflections between left- and right-side 






Figure 13. Cluster delays. 
 
Figure 14 and Figure 15 show cluster EoA and AoA, respectively. The BS virtual antenna array 
is tilted 5 degrees down, which corresponds to average EoA of LOS path. These figures confirm 
previous assumption of cluster 4 (orange) being created by ground reflection and cluster 2 (dark 
red) being created by reflections from buildings behind UE route. AoA for these clusters 
identical to LOS path, which is hidden under previously mentioned clusters in Figure 15, while 
EoA clearly shows the assumed differences in elevation angle. 
Therefore, we are able to identify most important propagation paths which are expected to 
form from 3D geometry, TX position, and UE route from created geometry-based stochastic 
model. This result confirms functionality of the test system up to GBSM creation. This includes 
definition of TX and UE positions in a 3D modelled environment, Simulating radio channel 
between TX and UE positions with ray tracing, ray tracing result post-processing and GCM 
Tool import file generation, importing to GCM Tool and parametrizing the imported file, 






Figure 14. Cluster elevation-of-arrival. 
 




5.1.3 Emulation and measurements 
The GBSM model was run with channel emulator, and measurements were taken. The 
measurement setup was conductive, as described in Chapter 4.3. The test UE is running 
measurement software from which the results are sent to control PC. The DUT is set in debug 
mode, which allows sending detailed information on per packet basis to control PC. In total 
some hundreds of parameters can be tracked, some of which are presented later. 
Basic test equipment properties are fed into the channel emulator, such as used band, used 
channel, TX power levels, and attenuations between devices. Some of the test setup parameters 
are presented in Figure 16. 
 
 
Figure 16. Channel emulator environment variables. 
 
Channel emulator creates a time-variant clustered delay line (CDL) channel model for each 
element of MIMO channel matrix according to used GBSM model and test setup properties. 
These CDL models are created from stochastic GBSM model by taking some realization of 
large-scale parameters. The channel emulator allows further alteration of powers and phases of 
each port, as well as running and stopping the emulation at any channel state. 
Running view of the channel emulator shows a single element of MIMO channel matrix over 
the emulation duration in Figure 17. Blue line represents shadow fading channel attenuation, 
which consists of large-scale fading effects. White line shows final channel attenuation with 
added small-scale fading. The power difference between shadow fading and final channel 
attenuation is due to manually increased power levels, which was used to fine-tune the model 
to match theoretical Friis path loss results in LOS conditions. Vertical green lines represent 
CDL model tap powers and delays at current emulation time. Two sets of measurements were 






Figure 17. Propsim running view. 
 
Figure 18 shows measurements collected with Mediatek test UE using ELT software. These 
measurements are collected every second. The theoretical value for NR-SS-RSRP in LOS 
conditions was calculated to be −57 dBm, and measured mean is −60 dBm. Further refinement 
of power levels is possible in channel emulator settings, but this result provides good confidence 
in the system. NR-SS-SINR value variation resembles that of NR-SS-RSRP, but with smaller 
variance. Downlink and uplink throughputs were measured from physical layer (L1). These 






Figure 18. UE mesurements. 
 
Some measurements collected from BS are presented in Figure 19. These measurements contain 
some hundreds of datapoints per second with high variance and are therefore filtered with one 
second moving average filter. Physical uplink shared channel (PUSCH) received signal strength 
indicator (RSSI) shows similar variations compared to NR-SS-RSRP in Figure 18. Interesting 
phenomenon can be seen in MIMO rank in between 60 and 70 seconds, where MIMO ranks 
drops close to value of 2. The drop in MIMO rank suggests that the propagation channel is not 
diverse enough to support more than two uncorrelated channels. MIMO rank originally contains 
only integer values, but it is also filtered to obtain more readable data. For detailed description 
of rank indicator, i.e. MIMO rank, reader is referred to [33].  It is notable that the GCM Tool 
defaults to 10 dB XPR between polarizations if only one polarization is simulated, as in this 







Figure 19. Measured PUSCH RSSI and MIMO rank. 
 
Figure 20 shows two strongest beam IDs corresponding to SS/PBCH beams. The beam IDs are 
labelled 0 to 5, ascending when moving from right to left when looking from BSs point of view. 
Primary (1st) beam is shown in blue, and secondary (2nd) beam is shown in orange. The beams 
are selected so that beam with strongest NR-SS-RSRP value is primary beam, and second 
strongest is secondary beam. The figure clearly shows UE moving from right side of the sector 
to left side of the sector. The whole 120-degree sector is not covered by UE movement, which 
can be seen from the fact that beam IDs 0 or 5 are never used for primary beam. These beams 






Figure 20. Measured beam IDs. 
 
Test 1 verifies the built measurement system, starting from 3D model of the site and BS/UE 
locations to GBSM model, all the way to channel emulation with physical hardware and 
measurement tools. Achieved power levels are correct and beamforming testing capabilities are 
successfully demonstrated. However, the test does not compare the GBSM with propagation 
characteristics of the real-life location, so accuracy of the used channel model is not verified 
thoroughly. 
 
5.2  OTA test 
The second end-to-end test was done with mostly similar test setup as conductive test described 
in Chapter 5.1 to keep verification of the setups simple. Therefore, the test setup is not described 
in detail, but differences between conductive and OTA tests are explained. 
The DUT in OTA test is a 32 TRX gNodeB with integrated antenna array, which operates 
in n78 band with centre frequency of 3.55 GHz. Due to the integrated antenna array, conductive 
testing is not possible on the DUT, and therefore OTA test setup described in Chapter 4.4 is 
used. As the test setup now includes physical antennas on BS side, those are not added to the 
channel model by creating a virtual antenna array. UE antennas are still modelled as two cross-
polarized isotropic elements with half wavelength separation. As the DUT works in different 
band compared conductive test, new ray tracing simulation of the 3D environment was 
concluded. 
Due to differences between conductive test setup and OTA test setup, Propsim must be 
configured differently. OTA setup has input loss of 62 dB from BS to channel emulator, which 
is much higher than in conductive setup. Due to this limitation the channel emulator cannot 




hard to implement due to use of single cable for both directions of a TDD link. Amplification 
of the input signals was not done in this thesis. Without amplification, the test setup can produce 
realistic signal levels only at distances beyond one kilometre. Propsim channel emulator also 
has processing delay, which depends on complexity of the channel model. Processing delay 
limits the minimum achievable delay between BS and UE ports. Minimum achievable 
processing delay for Propsim is 2.5 µs, which corresponds to 750 meters at speed of light. 
Realistically this delay is always higher than 2.5 µs with channel models considered in this 
thesis. Therefore, in order to achieve realistic channel model for OTA setup, the distance 
between BS and UE positions should be more than one kilometre. Due to difficulties with ray 
tracing software used in this thesis, simulations with adequate distance did not provide enough 
rays to do proper clustering. Therefore, the ray tracing simulations for OTA test are done 
similarly to conductive test. 
 Used 3D model is same as in conductive test with same UE positions, and used frequency 
was 3.55 GHz. Diffractions were not enabled in OTA test. Same simulation resolution and 
power cut-off limit was used. 
Ray tracing results differ between tests in multiple ways, compare Table 2 to Table 3. OTA 
Test simulation received fewer rays for each UE position, and total received power for each UE 
seems to fluctuate between adjacent UE positions more than in conductive test. Total received 
power for each UE position is also lower in OTA test, which relates to lower number of received 
rays for each UE position. These results suggest that there were some issues with the ray tracing 
simulation. 
 
Table 3. Number of received rays and their total power for each receiver position in OTA test 
Receiver position Number of received rays Total received power [dBm] 
1 19 -55.1 
2 20 -55.2 
3 31 -58.1 
4 34 -57.6 
5 37 -56.8 
6 36 -56.2 
7 47 -57.5 
8 47 -57.7 
9 47 -53.9 
10 44 -56.9 
 11 41 -55.6 
12 38 -55.9 
13 40 -56.3 
14 44 -55.7 
15 44 -55.6 
16 48 -55.5 
17 46 -55.6 
18 42 -55.3 
19 52 -55.4 
20 42 -55.6 
21 33 -55.5 
22 29 -55.9 
23 35 -56.7 




25 44 -57.2 
26 33 -58.9 
27 30 -57.4 
28 32 -57.3 
29 19 -57.5 
30 16 -56.7 
 
Figure 21 shows cluster gains for OTA test. Clustered model made from ray tracing results for 
OTA test consists of only 37 clusters compared to conductive test with 66 clusters in total. This 
is due to fewer received rays for each UE position. The clusters corresponding to LOS, ground 
reflection, and reflections from left and right-side buildings seem similar to conductive test. 
While number of clusters is lower than in conductive test, the created GBSM should be adequate 








As seen in Figure 22, maximum power of BS is higher than in conductive test. High TX power 
in addition to high gain of the BS antenna and relatively small distance between BS and UE 
positions makes theoretical received power of the route unattainable with OTA test setup due 
to high input loss. It is possible to configure the BS to use less TX power, but this was not done 
as it is not known if it affects the BS functionality otherwise. 
Input loss from BS to channel emulator is set to 40 dB, which is calculated as input loss of 
the system corrected with gain of the integrated antenna array, as that is what the channel 
emulator receives. This contrasts with conductive test setup, where effects of the virtual antenna 
array are added in the channel emulator. 
 
 
Figure 22. Channel emulator environment variables for OTA test. 
 
 
Next, measurements are presented for OTA test. UE measurements presented in Figure 23 show 
realized NR-SS-RSRP level of the measurement system is −65 dBm while theoretical should 
be −57 dBm. This is due to high input loss of the measurement system. Otherwise the results 
seem reasonable. Normalized DL and UL rates are more stable than in conductive test, which 





Figure 23. UE measurements for OTA test. 
 
During testing it was observed that the DL and UL channels should configured so that input 
losses are balanced, i.e., the channel is reciprocal. Failure to meet this condition affects 
especially DL performance metrics. This is due to feedback loop in TDD systems that assumes 
reciprocity of the channel when conducting channel state information (CSI) measurements. As 
the channel emulator has limited gain, the UL signal cannot be amplified to the level required 
to create reciprocal channel with high BS TX power. This problem further limits the scenarios 
that the system is able to emulate with realistic power levels.  
Figure 24 shows measurements taken from BS during OTA test. Achieved MIMO rank is 
considerably higher compared to conductive test. This is probably due to DUT having 32 ports, 





Figure 24. Measured PUSCH RSSI and MIMO rank of OTA test. 
 
Figure 25 shows primary and secondary SSB beams used during OTA test. In this test all 6 SSB 
beams are used as primary beam. This due to slightly narrower SSB beams of the DUT. There 
is also more variance in the selected beams, especially secondary beam takes values which 
should not provide good signal in mainly LOS conditions. This might be caused by imperfect 
calibration of the measurement system or possibly issues in the DUT itself. Questionable ray 
tracing results could also cause such issues. Functionality of the individual DUTs used in this 
thesis was not confirmed in separate test setup prior to thesis related testing. 
While test results had some irregularities, the test system was proven to be functional. The 
measurement system is capable of emulating ray tracing based GBSM model in an MPAC 
environment with real hardware. Measurement results also show that the emulated channel is 
adequate for MIMO testing, and therefore requirements designated for the test system described 




























The intent of this thesis was to produce a test system for fifth generation base stations, which 
utilizes ray tracing for channel model creation and supports testing in MPAC environment to 
enable testing of DUTs with integrated antennas possible. The whole system consists of 3D 
map with BS and UE locations, ray tracing, ray tracing result post processing and importation 
to GCM Tool, parametrization and channel model creation with GCM Tool, importation to 
Propsim channel emulator, emulating with channel emulator while collecting data logs, and 
post processing data for visualization. Two test setups were produced in this thesis, a conductive 
setup for testing RRH products and products with easily accessible RF ports, and an OTA setup 
for testing products with highly integrated antennas or large number of ports. 
Ray tracing software used in this thesis lacked support for simulation of diffraction in the 
environment. The system, however, works with simulation results which do not contain 
diffractions. The effect of missing diffractions on the final channel model is unknown, but it 
can be assumed that addition of diffractions in the ray tracing simulation would produce more 
multipath components. There were also issues with simulating UE routes that are near BS due 
to output power and minimum delay limitations in the channel emulator. 
The final channel model was not thoroughly verified in this thesis, and therefore the effects 
of aforementioned issues remains unknown. However, the results gathered from test UE and 
BS presented in this thesis give confidence that basic functionality of the test system is met. 
Clusters created by GCM Tool, which contain most power, could be linked to LOS path or 
paths with single reflection, which validates the created GBSM model on a basic level. 
Additionally, there were clusters with no clear origin, which is to be expected. 
The created channel is diverse enough to support rank 4 MIMO, and other metrics such as 
NR-SS-RSRP and PUSCH RSSI were reasonable. Theoretical received power was achieved 
with conductive test setup while OTA setup required longer distance between BS and UE 
positions. 
These results provide a good starting point for further test system development. Further 
development might include addition of diffraction to the ray tracing engine, channel model 
verification, multi-user test scenarios, and handover testing with multiple BS DUTs. 
Channel model verification could be done by simply comparing some real drive test results 
with results given by the test system developed in this thesis. This requires detailed 3D map of 
some test location where real drive testing is possible, preferably with rich multipath 
propagation, such as in some urban area. Verification then could be done based on received 
power, MIMO rank, precoding matrix indicator (PMI), or other channel state information 
reference signal (CSI-RS) data. Alternatively, the verification could be done via channel 
sounding. Channel sounding system uses antenna array to characterize radio channel between 
transmitter and the sounding system spatially; the channel sounding results have information of 
angle-of-arrival in addition to delays and powers. These results could be compared with 
clustered channel model given by GCM Tool. 
Multi-user test scenarios are not supported simultaneously with ray traced channel model 
and OTA testing in GCM Tool, but if this support is later added, it would require only minor 
modifications to the developed test system. Handover testing would require running multiple 
base stations, channel emulator, and possibly multiple overlapping MPACs. This would require 
considerable investments but might provide useful as the test system could provide highly 
repeatable testing. 
The goal of this thesis was to produce a test system capable of creating a channel model via 




from the results, and to emulate the channel model in an MPAC environment suitable for 5G 
BS testing. All the requirements were met: Ray tracing software was capable of creating a 
channel model from a 3D environment where TX position and RX route could be arbitrarily 
selected. The post-processing step ensured that created GBSM model was error free, and the 
clusters had realistic power. In case of conductive testing, a virtual antenna array was 
successfully created that contained both passive and active antenna elements. Calibration of 
both test setups were done and proved functional. Environmental variables were set according 
to specific test setups and DUT configurations for both tests. A simple way for verifying system 
end-to-end power levels via NR-SS-RSRP was devised and successfully used. Two different 
measurement systems were used for collecting measurement data during emulation, and the 
measurements were synchronized with the emulation setup. And finally, the measurement data 





Goal of this thesis was to produce a test system capable of testing 5G NR base stations by 
employing MPAC test setup and creating realistic radio channel via ray tracing. Motivation for 
development of such test system was described and basic terminology regarding MIMO testing 
explained. 
Next, MIMO channel modelling approaches were divided into physical and analytical 
models, with the differences explained. Of the physical models, theory of deterministic physical 
models and geometry-based stochastic models was described. Analytical models were divided 
into correlation-based and propagation-motivated models. Mathematical framework for 
correlation-based models was given, which also gives reader more complete picture of what the 
aim of channel modelling is in general. 
Chapter on MIMO testing described historical overview of the field and testing paradigm 
shift over different cellular technology generations. The chapter gave further motivation to 
development of the test system in this thesis by describing shortcoming of anechoic LOS testing 
and reverberation chambers. MPAC systems were described in depth required for 
understanding later work in the thesis. 
Implementation details were given first on system overview level, which explained the 
workflow regarding the developed of test system on general level. 3GPP specified 5G NR 
deployment options were described and motivation for use of different deployment options was 
given. Conductive and OTA test setups were described, and their components explained. 
Calibration requirements were explained and differences between setups highlighted. Next, 
power budget calculations, which were used later for test system verification were given. Power 
budget calculations were connected to NR-SS-RSRP measurements to allow for end-to-end 
verification of test system power levels. 
Next, more detailed workflow for creating an emulation for conductive test setup was 
illustrated and technical details on the DUT were given. Ray tracing results were inspected and 
created GBSM model was verified by visualizing different aspects of the model. The process 
of creating a virtual antenna array for conductive testing was explained. Emulation process was 
described, and some of the data gathered during emulation was visualized and presented. 
Functionality of the conductive test system was evaluated based on the gathered data and 
deemed good. 
Chapter on OTA testing expands the test system to include all requirements given for this 
thesis. As in chapter regarding conductive testing, the creation of emulation was described. 
Some limitations of the OTA test system were observed and explained. Again, gathered 
measurements were visualized and commented on. Some irregularities were found in test results 
and possible root causes for them were considered. Overall OTA test system provided 
functional and capable for OTA MIMO testing of 5G NR base stations. 
Finally, whole process of building a test system was discussed and most important findings 
of the thesis were emphasized. Some ideas for further development of the system were given, 
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